INTRODUCTION
AMPA receptors (AMPARs) and NMDA receptors (NMDARs) govern excitatory neurotransmission at most central nervous system (CNS) synapses. AMPARs mediate fast excitatory synaptic transmission, while NMDARs are activated with highfrequency synaptic transmission and play a fundamental role in the induction of certain forms of synaptic plasticity (Dingledine et al., 1999; Hollmann and Heinemann, 1994) . Typically, NMDAR-induced long-term synaptic plasticity occurs through postsynaptic changes in the number or phosphorylation state of AMPARs, which serves to strengthen or weaken the synapse by altering the amplitude of the synaptic current (Barry and Ziff, 2002; Malinow and Malenka, 2002; Song and Huganir, 2002) . These changes largely arise via Ca 2+ entry through NMDARs, enabling NMDAR activation to encode changes in neuronal activity.
Additionally, another type of synaptic plasticity has been identified in multiple areas of the CNS, where changes in neuronal activity induce a switch in AMPAR subtype (Liu and Savtchouk, 2012) . Strengthening or weakening of synapses occurs not through changes in number of AMPARs but by alteration of AMPAR channel properties (Savtchouk and Liu, 2011) . AMPARs are heteromeric tetramers made up of four basic subunits (GluA1-GluA4). Receptor trafficking, protein interactions, and specific channel properties are dependent upon subunit composition. Of these subunits, the GluA2 subunit is critical in determining AMPAR signaling properties. AMPARs lacking the GluA2 subunit are permeable to Ca 2+ , exhibit a high single channel conductance, and are blocked by polyamines, resulting in an inwardly rectifying I-V relationship (Bowie and Mayer, 1995; Swanson et al., 1997; Washburn et al., 1997) . Changes in AMPAR subtype are generated via alterations in neuronal activity that accompany development, sensory deprivation, emotional stress, addiction, pain, disease, and high-frequency synaptic stimulation (Bellone and Lü scher, 2005; Clem and Barth, 2006; Grooms et al., 2000; Liu et al., 2010; Nagy et al., 2004; Opitz et al., 2000; Osswald et al., 2007; Vikman et al., 2008; Xia et al., 2007) .
Excitatory synapses on all functional classes (ON, OFF, and ON-OFF) of retinal ganglion cells (RGCs) utilize both GluA2-lacking, Ca 2+ -permeable AMPARs (CP-AMPARs) and GluA2-containing, Ca 2+ -impermeable AMPARs (CI-AMPARs) and NMDARs (Chen and Diamond, 2002; Diamond and Copenhagen, 1993; Lukasiewicz et al., 1997; Xia et al., 2007) . As the retina encounters a dynamically changing visual scene, these synapses experience a wide range of neural activity. Multiple mechanisms of fast and slow synaptic and cell-intrinsic adaptation exist to contend with the changing light environment, yet very little evidence for plasticity of glutamate receptors exists in the retina. However, recently, AMPARs on ON RGCs were shown to undergo activity-dependent regulation. In ON RGCs, 8 hr of light deprivation generated a switch in surface AMPAR composition from primarily CI-AMPARs to CP-AMPARs (Xia et al., 2006 (Xia et al., , 2007 . These results suggest that AMPARs are subjected to more regulation than previously thought and leave open the possibility for regulation by increasing activity. NMDARs on RGCs are located perisynaptically (Chen and Diamond, 2002; Sagdullaev et al., 2006; Zhang and Diamond, 2009 ) and may be uniquely suited for detecting and integrating changes in synaptic input in these cells, since receptors located outside the synapse are not activated by single quantum of transmitter release but require a burst of activity to cause ''spillover. '' In the areas of the CNS where AMPAR subtype plasticity has been described, synaptic activity leads to a switch in AMPAR subtypes that develops over minutes or, more commonly, several hours. Here we examine the effect of a brief light stimulus on AMPAR composition in RGCs and show that synaptic activity elicits a switch from predominantly CI-AMPARs to CP-AMPARs that develops within minutes. This plasticity is NMDAR dependent and is specific to excitatory synapses in the ON pathway. We further investigated the mechanism of the switch and observed that an NMDAR-induced Ca 2+ rise led to a dynamindependent endocytosis of CI-AMPARs. This change in AMPAR composition has a powerful functional consequence, as it reduces the sensitivity of the rod-driven responses of RGCs. These results indicate that RGCs have a unique mechanism for encoding and responding to synaptic activity and demonstrate a form of synaptic plasticity in the ON pathway of the retina that has not been previously described.
RESULTS

NMDAR Activation Induces a Change in the AMPAR Composition of ON RGCs, but Not OFF RGCs
We first measured the composition of synaptic AMPARs in ON RGCs by recording the I-V relationship of the light-evoked excitatory postsynaptic current (EPSC) with 100 mM spermine in the recording pipette. We elicited EPSCs with a 10 ms light flash at 500 nm and an intensity of 1-10 R*/rod/flash (Figures 1A and 1B) , an intensity that is below cone threshold (Soucy et al., 1998) . Spermine blocks GluA2-lacking CP-AMPARs intracellularly at positive membrane potentials, conveying a characteristic inwardly rectifying I-V relationship (Dingledine et al., 1999) . We isolated the AMPAR-mediated component of the EPSC by blocking inhibitory receptors (strychnine, 10 mM; picrotoxin, 200 mM; TPMPA, 50 mM), NMDARs (D-AP5, 50 mM), and sodium channels (TTX, 4 nM) and constructed the I-V relationship by plotting the current amplitude of the light-evoked AMPAR component of the EPSC at À60mV, 0mV, and +40mV. The mean I-V relationship for ON RGCs rectified inwardly, but not completely, reflecting contributions of both CI-AMPARs and CP-AMPARs ( Figures 1B and 1C) . To quantify the relative contributions of each type of AMPAR, we measured the rectification index (RI; see Experimental Procedures). An RI value of 1 indicates that the response is being driven exclusively by CI-AMPARs. In comparison, a 0 value denotes exclusively CPAMPARs. For 20 ON RGCs, the mean RI was 0.54 ± 0.045 ( Figure 1D ). It is well established that NMDARs play a central role in the induction of synaptic plasticity. ON RGCs receive glutamatergic input presynaptically and postsynaptically express perisynaptic NMDARs that can be activated by ''spillover'' of glutamate during high-frequency presynaptic stimulation (Chen and Diamond, 2002; Sagdullaev et al., 2006; Zhang and Diamond, 2009 ). We first determined whether direct activation of NMDARs by application of exogenous NMDA could trigger AMPAR plasticity in ganglion cells. After measuring the initial I-V relationship, D-AP5 was washed out of the bath for a period of 10 min. Next, NMDA (50 mM) application was paired with RGC depolarization to 0mV to enhance NMDAR activation for 5 min. After 20 min of NMDA washout and reapplication of D-AP5, the I-V relationship was measured again ( Figure 1A ). We found that the +40mV EPSC was reduced by 55.0% ± 4.8% without a significant corresponding reduction in the current at À60mV, which was only reduced by an average of 5.4% ± 3.6% ( Figures 1B, 1F , and 1G; for nonleak subtracted currents, see Figure S1 available online). These changes in current amplitude are reflected in the increased rectification of the I-V relationship and a decrease in the RI to 0.21 ± 0.04 (Figures 1C and 1D ; n = 20; p < 0.0001). The observed increase in rectification suggests that NMDAR activation causes a significant decrease in the proportion of synaptic CI-AMPARs. Moreover, the minimal change in amplitude at À60mV implies that there is a compensatory replacement with CP-AMPARs.
NMDARs are ligand gated and voltage dependent, requiring both glutamate binding and depolarization to open the channel due to a channel block by Mg 2+ ions. We determined whether postsynaptic NMDARs on RGCs were being directly activated with two controls. We either bath applied NMDA to voltageclamped cells (À60mV) without depolarizing the RGC or depolarized the RGC without NMDA application. In both cases, there was no change in rectification ( Figure 1E ; n = 6; percentage change from control RI = À4.7% ± 3.8%; n = 6; 3.5% ± 4.7%, respectively). Taken together, these changes show that direct postsynaptic NMDAR activation alters the AMPAR ratio of ON RGCs by selectively replacing synaptic CI-AMPARs with CPAMPARs. We used a second, independent pharmacological approach to demonstrate NMDAR-driven changes in AMPAR subunit composition in ON RGCs. Philanthotoxin, (PhTX, 4 mM) a potent extracellular blocker of CP-AMPARs at negative membrane potentials (Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995) , reduced the EPSC at À60mV to 67.5% ± 12.1% of the control response (Figures 1H and 1I ; n = 7; p = 0.010). This reduction represents both a block of CP-AMPARs on the RGC itself and on upstream AII amacrine cells, which receive glutamatergic rod bipolar cell signals through CP-AMPARs (Ghosh et al., 2001; Singer and Diamond, 2003; Veruki et al., 2003) . The philanthotoxin-resistant component of the light response was most likely carried by a separate pathway where rod signals pass into cones via a gap junction (Smith et al., 1986) and are conveyed to RGCs by ON cone bipolar cells, a pathway that does not utilize CP-AMPARs. Activation of NMDARs by bath application of NMDA paired with postsynaptic depolarization further reduced the EPSC to 28.8% ± 9.2% of the control response (p = 0.002 versus +PhTX, p = 0.0003 versus control), indicating that the response of CI-AMPARs was strongly reduced with NMDAR activation. An increase in CP-AMPARs would not be detected with this method; however, the result is consistent with our observation of NMDARmediated changes in AMPAR rectification.
Similar to ON cells, OFF RGC light responses are AMPA and NMDA receptor dependent and, in some mammalian species, the NMDAR contribution is substantial (Manookin et al., 2010 2009). Additionally, NMDAR activation may be differentially regulated at OFF synapses (Sagdullaev et al., 2006) . To determine whether the AMPAR ratio in OFF cells is modulated by NMDARs, we began by measuring the RI of OFF cell light-evoked EPSCs. OFF cell EPSCs displayed a dependence on both CPAMPARs and CI-AMPARs in about an equal ratio to that of ON RGCs (Figures  2A-2C ; RI = 0.56 ± 0.073; n = 7). However, when we activated NMDARs on these cells, we found no change in the current at either +40mV or À60mV after 20 min. Accordingly, the I-V relationship or RI remained the same (RI = 0.57 ± 0.089; p = 0.57), indicating that AMPARs in OFF cells are not regulated by NMDARs in the same manner as those in ON cells. In summary, these data suggest that NMDAR-mediated AMPAR plasticity is exclusively expressed in synapses of the ON pathway.
AMPAR Plasticity Is Specific to the ON Pathway in ON-OFF RGCs
We examined whether the dichotomy between the ON and OFF pathways was preserved in cells that receive both types of inputs. ON-OFF cells form synapses with presynaptic bipolar cells in both the ON and OFF pathway. If there is a pathway-specific difference in the expression of AMPAR plasticity, it should be possible to compare differences in the ON and OFF responses within these cells. Initially, the amount of rectification in the I-V relationship of the EPSC from both the ON and OFF pathway was nearly equal (Figure 3 ; n = 9; RI = 0.55 ± 0.7 and 0.50 ± 0.08, respectively; p = 0.62) and similar to that of ON and OFF RGCs. However, we found that activating NMDARs on these cells selectively modulated the ON response, while leaving the OFF response unchanged. The mean RI was reduced to 0.33 ± 0.06 (p = 0.0006) for ON responses but only to 0.48 ± 0.08 (p = 0.53) for OFF responses in the same cells. These data provide evidence for a pathway-specific regulation of synaptic AMPARs and functionally distinct roles for NMDARs in the ON and OFF pathway.
As AMPAR plasticity is expressed equally in the ON responses of both ON and ON-OFF cells, and as synapses in ON and OFF cells have been reported to be anatomically and physiologically similar to those in ON-OFF cells (Kalbaugh et al., 2009; Zhang and Diamond, 2009 ), we combined results from ON synapses of ON and ON-OFF cells throughout the rest of the study.
Ca
2+ Is Required for NMDAR-Induced Changes in Synaptic AMPAR Subtype Ca 2+ influx is a common trigger of NMDAR-mediated synaptic plasticity (Bear and Malenka, 1994; Cull-Candy et al., 2006; Sun and June Liu, 2007) . To test whether Ca 2+ influx in the postsynaptic RGCs is required for the change in synaptic AMPAR composition, we added BAPTA (1,2-bis(o-Aminophenoxy)ethane-N,N,N',N'-tetra-acetic acid) (20 mM) to the recording pipette to buffer any Ca 2+ rise in the cell ( Figures 4A-4C ). After NMDAR activation, BAPTA blocked changes in rectification, implicating the involvement of elevated Ca 2+ and supporting a role for NMDARs in this process (n = 8; RI, 0.54 ± 0.06 to 0.57 ± 0.07; p = 0.39).
Dynamin-Dependent Endocytosis Underlies the Loss of CI-AMPARs
Our hypothesis is that the NMDAR-induced changes in rectification we observe are due to a loss of CI-AMPARs with a possible replacement by CP-AMPARs. There are several different mechanisms by which the loss of CI-AMPARs could occur. One is through lateral diffusion of AMPARs from the synaptic to the extrasynaptic membrane (Borgdorff and Choquet, 2002) . However, the best-characterized mechanism of AMPAR removal is dynamin-dependent endocytosis, triggered by an NMDAR-induced rise in postsynaptic Ca 2+ (Carroll et al., 2001 ).
We tested whether the CI-AMPARs are internalized due to dynamin activity by dialyzing RGCs with 10 mM dynamininhibitory peptide (DIP), which blocks endocytosis of AMPARs by interfering with the binding of amphiphysin with dynamin (Lü scher et al., 1999) . In RGCs, DIP causes a run up of the extrasynaptic, not synaptic, AMPAR-mediated response due to unbalanced insertion of AMPARs undergoing rapid cycling (Xia et al., 2007) . To ensure that this separate effect of DIP would not confound our results, we first recorded a 10 min baseline of light responses during DIP dialysis before recording the control I-V. The light responses of all ten cells remained stable during this period (3.2% ± 1.3% change over 10 min; data not shown), indicating that synaptic AMPARs under our recording condition are stable and that DIP does not affect the initial AMPAR ratio. While the mean baseline RI was higher in DIPloaded cells than that of the control cells ( Figure 4F ; RI = 0.74), this effect was not significant (p = 0.15, t test) and probably reflects the variability of RIs as seen in Figure 1D .
We find that inclusion of DIP in the pipette solution consistently blocked the induction of synaptic plasticity with NMDA. The average rectification was 0.74 ± 0.04 before and 0.73 ± 0.07 after application of NMDA (Figure 4 ; n = 10, p = 0.64). Although, on average, there was no change in RI, in three out of ten cells, there was an increase in response amplitude at À60mV and no change in amplitude at +40mV. This result suggests that new CP-AMPARs were inserted into the membrane, presumably through persistent exocytosis or membrane diffusion, and supports the hypothesis that NMDAR activation induces an exchange of CI-AMPARs for CP-AMPARs.
Presynaptic Activity Induces a Change in AMPARs in the ON Pathway Our findings suggest that direct pharmacological activation of NMDARs on ON and ON-OFF RGCs drives AMPAR plasticity, but they do not establish whether endogenous transmitter release from presynaptic ON bipolar cells can similarly drive NMDAR-dependent plasticity. To address this possibility, we specifically targeted the ON pathway with an mGluR6 antagonist, CPPG, which depolarizes ON, but not OFF, bipolar cells, thereby elevating the level of activity at this synapse (Nawy, 2004) . As before, we first recorded the light-evoked I-V relationship in both ON and ON-OFF RGCs. After a 10 min washout of D-AP5, we depolarized cells for 3 min while bath applying a low concentration of CPPG (10 mM). This concentration was sufficient to evoke sustained transmitter release from ON bipolar cells, as judged by the increase in synaptic events in RGCs. After washout of CPPG, rectification of the ON response increased (Figures 5A-5C ; n = 8; RI before, 0.44 ± 0.09 compared to RI after, 0.22 ± 0.04; p = 0.004). The decrease in RI was similar to values that were observed after application of exogenous NMDA, suggesting that presynaptic activity is sufficient to activate AMPAR plasticity.
Our data suggest that Ca 2+ rises are required to change the composition of synaptic AMPARs. In principle, this rise in Ca Blockade of NMDA receptors during the application of CPPG and depolarization of the RGC prevented the change in rectification of the ON component of the EPSC (Figures 6D-6F ; n = 4; RI before, 0.65 ± 0.17 compared to RI after, 0.75 ± 0.12; p = 0.42). These results do not rule out a role for the contribution of Ca 2+ influx from non-NMDAR sources to the induction of AMPAR plasticity in RGCs, but they imply that influx through NMDARs is a requirement. We propose that high presynaptic activity at this synapse results in spillover of transmitter to perisynaptic NMDA receptors (Chen and Diamond, 2002; Sagdullaev et al., 2006) and that activation of these receptors triggers AMPAR plasticity.
Increasing Synaptic Activity with Light Drives NMDAR-Dependent AMPAR Plasticity Depolarization of ON bipolar cells by antagonism of the mGluR6 receptor may not necessarily mimic a physiologically relevant stimulus. We therefore asked whether we could induce AMPAR plasticity with a light stimulus. To examine this question, we developed a light stimulation paradigm of light flashes lasting between 100 and 500 ms for 5 min (see Experimental Procedures). This protocol did not substantially light adapt rods since the flash sensitivity of RGCs was unchanged 20 min after the light protocol was applied. To test the effect of this light stimulus paradigm on the AMPAR ratio, we first recorded the I-V relationship with spermine in the recording pipette and then presented the light stimulus protocol after washing out D-AP5 and while voltage clamping RGCs to 0mV to ensure activation of NMDARs. A 20 s sample of an ON cell's response record during the stimulus is shown in Figure 6A . After light stimulation, we observed a significant increase in rectification of the 10 ms light response. The RI was 0.40 ± 0.07 before light stimulation and decreased to 0.16 ± 0.03 afterward (Figures 6B-6D ; n = 7; p = 0.034). This result is consistent with pharmacological manipulations presented above.
This result also suggests that the glutamate released from bipolar cells during our light stimulus paradigm activates NMDARs on RGCs. We directly tested for NMDAR activation by recording light-evoked EPSCs in the absence and presence of D-AP5, holding ON RGCs at À20mV and with inhibition blocked with 1 mM strychnine, 50 mM TPMPA, and 50 mM picrotoxin. We used a 100 ms flash at an intensity of 1,000 R*/rod/ flash, comparable to the shortest light flash and lowest light intensity of the stimulus paradigm used to induce AMPAR plasticity. Under these conditions, we found that 53.2% ± 3.2% of the light response was blocked in the presence of D-AP5 (Figure 6E ; n = 3). To confirm that the light-induced change in rectification was due to NMDAR activation, we added D-AP5 to the bath during the light stimulation protocol. In the presence of D-AP5, the change in rectification was blocked (Figures 6F-6H ; n = 8; RI before 0.39 ± 0.07 compared to RI after 0.41 ± 0.08; p = 0.12). Our data indicate that light stimulation can activate NMDARs in the ON pathway, leading to a decrease in a proportion of synaptic CI-AMPARs in RGCs.
For a most direct test of the ability of physiological light stimuli to induce plasticity in RGCs, we repeated the light induction protocol but under current-clamp conditions, allowing RGCs to respond to light in a more natural way. We first recorded the light-evoked AMPAR-mediated I-V relationship in voltage clamp ( Figure 7) and then switched to current clamp while applying the light stimulation protocol. In current clamp, the mean resting potential was À62.6mV ± 2.6mV and during simulation the magnitude of depolarization was 42.2mV ± 1.45mV with an average membrane potential of À30.4mV ± 2.3mV. After switching back to voltage clamp and measuring the I-V relationship after 20 min, we found that the average RI was reduced from 0.80 ± 0.08 to 0.51 ± 0.09 (n = 6; p = 0.04), representing a 30% decrease in the proportional contribution of CI-AMPARs. Thus, light stimulation under physiological conditions can induce plasticity expressed by a switch in AMPAR composition at RGC synapses.
AMPAR Plasticity Decreases ON RGC Sensitivity
Finally, we wished to determine whether a change in AMPAR composition leads to an alteration in RGC performance. To accomplish this, we measured the intensity-response relationships for AMPAR-mediated light responses of ON RGCs before and after inducing AMPAR plasticity with the light stimulus ( Figures 8A-8C ). Ganglion cells receive a mixture of rod input, delivered to the RGC through multiple circuits, as well as cone input, resulting in a potentially complex intensity-response function (Deans et al., 2002) . Furthermore, NMDAR-dependent AMPAR plasticity is present even when the primary rod pathway is blocked by philanthotoxin, and it is unclear whether the philanthotoxin-resistant synaptic component of the ESPC is driven by input from cones or rods, reaching RGCs through an alternative pathway. To address these issues, we recorded from Gnat2 (cplf3) mice, which have a mutation in cone alphatransducin (Chang et al., 2006) . These mice are functionally ''coneless'' but retain the cone structure, allowing us to determine the functional consequences of AMPAR plasticity within the confines of a single photoreceptor circuit. We first measured the amplitude of the AMPAR-mediated light response at À60mV to 500 nm light flashes (10 ms) at a range of light intensities (Figures 8A-8C ). The sensitivity of AMPARmediated responses under these conditions is consistent with the sensitivity of rod-mediated spike responses recorded in Gnat2 (cplf3) ganglion cells (Wang et al., 2011) . Twenty minutes after the light stimulus protocol paired with depolarization used in Figure 6 , we observe a change in the intensity-response relationship. It shifts to the right by a factor of $4, with no change in the amplitude of the response to saturating light intensities.
BAPTA blocked the shift in sensitivity observed with light stimulation (n = 4; p = 0.77), indicating a postsynaptic locus of the change in sensitivity ( Figure 8C ). We also measured the effect of light stimulation on OFF cell responses ( Figure 8D ). There was no change in the light sensitivity of OFF RGCs (n = 3; p = 0.78), consistent with the idea that a change in AMPAR subunit composition underlies the shift in sensitivity observed in the ON pathway ( Figure 8D ). These results demonstrate that a switch in AMPAR composition can regulate RGC synaptic output.
DISCUSSION
Our study demonstrates that activity from presynaptic ON bipolar cells drives a rapid redistribution of synaptic AMPARs in ON RGCs and in the ON component of ON-OFF RGCs. More specifically, increases in light intensity, which the ON pathway is designed to detect, drives CI-AMPARs from the synapse, where they are subsequently replaced with CP-AMPARs through a pathway that requires Ca 2+ influx through NMDARs and endocytosis of CI-AMPARs. Moreover, the increased proportion of synaptic CP-AMPARs causes a shift in the sensitivity of ON RGC synapses through mechanism(s) that are yet to be determined. Other forms of plasticity resulting from a switch in AMPAR subunit composition have been observed in cerebellar stellate neurons, nucleus accumbens, barrel cortex, VTA, amygdala, and hippocampus (Clem and Barth, 2006; Clem and Huganir, 2010; Liu and Cull-Candy, 2000; Liu et al., 2010; Mameli et al., 2011; Plant et al., 2006) . Although the requirement for presynaptic activity, NMDAR activation, and Ca 2+ elevation described in the present study conform to the features of an AMPAR subtype switch, we find two important differences between RGC AMPAR plasticity and the plasticity described in other brain regions. First, a brief increase in synaptic activity leads to a loss of CIAMPARs in RGCs. Second, we observe a change in AMPAR subtype within 20 min. With the exception of the activity-dependent insertion of CI-AMPAR cerebellar stellate cells and transient incorporation of CP-AMPARs during hippocampal long-term depression (Plant et al., 2006) , induction of the change in phenotype generally takes several hours. These differences support a unique form of AMPAR plasticity specific to the retina.
Role of NMDARs in CP-AMPAR Plasticity in RGCs
Our results clearly demonstrate that activity-dependent removal of CIAMPARs occurs in the ON, but not OFF, pathways. Pathway-specific plasticity might be attributable to differences in the composition of NMDARs in these two pathways. ON RGCs express GluN2B-containing NMDARs, which form a complex with SAP102, while OFF cells express GluN2A-PSD-95 complexes (Kalbaugh et al., 2009; Zhang and Diamond, 2009) . It has been reported that the GluN2 subunit composition of NMDARs can profoundly affect either the polarity or the induction threshold of plasticity that is expressed (Bartlett et al., 2007; Liu et al., 2004; Massey et al., 2004; Xu et al., 2009; Yashiro and Philpot, 2008 ; but see Morishita et al., 2007; Weitlauf et al., 2005) . The formation of NMDAR subunit-specific complexes with PSD proteins can also selectively direct downstream signaling and synaptic plasticity (Cuthbert et al., 2007) . For example, GluN2B-SAP102 complexes, which were found in ON RGC synapses, can cause the removal of AMPARs from the postsynaptic membrane by inhibition of the ERK/MAPK pathway. In contrast, GluN2A-PSD-95 complexes, like those found in OFF RGC synapses, had the opposite effect (Kim et al., 2005) .
Differences between the ON and OFF pathway in the expression of AMPAR plasticity could be attributable not only to the composition of NMDARs, but also to the location of NMDARs at the synapse. NMDARs in OFF RGCs are synaptic, while NMDARs of ON RGCs are thought to be perisynaptic, activated only under conditions that promote transmitter spillover (Manookin et al., 2010; Sagdullaev et al., 2006; Zhang and Diamond, 2009) . Elevating levels of presynaptic activity can lead to spillover onto perisynaptic NMDARs, a well-established mechanism for inducing long-term synaptic plasticity in CNS neurons (Barry and Ziff, 2002; Bear and Malenka, 1994; Sun and June Liu, 2007) . Additionally, their perisynaptic position aligns them closer to endocytotic zones, which lie outside the PSD (Blanpied et al., 2002) , than NMDARs in the OFF pathway. We have established that Ca 2+ influx is necessary for the expression of AMPAR plasticity (Figure 4) . If the source of Ca 2+ is essential to induce plasticity, then it is possible that Ca 2+ influx through NMDARs localized proximal to the site of AMPAR endocytosis is necessary to trigger the plasticity.
Intensity-Specific Activation of CP-AMPARs versus CI-AMPARs
Our findings reveal an apparent paradox regarding AMPAR plasticity in RGCs. Experiments designed to examine changes in rectification ratio before and after induction of plasticity demonstrate that the light-evoked EPSC at À60mV does not change significantly after the induction of CP-AMPAR internalization, suggesting that there is an exchange of CI-AMPARs for CPAMPARs. These experiments were performed using a single flash intensity that produced a saturating light response, simplifying I-V measurements. On the other hand, EPSCs generated by presentation of dimmer flash intensities were depressed after induction of AMPAR plasticity, shifting the intensity-response function to the right. When measured using saturating flashes, there appears to be an exchange of CP-and CI-AMPARs after induction of plasticity, but when probed with subsaturating light intensities, a simple model of the loss of synaptic GluA2-containing CI-AMPARs can explain the change in current amplitude. This paradox can be explained if we postulate that AMPARs are not randomly distributed but instead are clustered at specific postsynaptic sites. There is evidence in cultured hippocampal neurons that the insertion of GluA1 and GluA2 AMPARs occurs at separate locations. GluA2-containing CI-AMPARs have been reported to be inserted at synaptic sites and GluA1-containing CP-AMPARs are initially targeted to nonsynaptic sites (Passafaro et al., 2001) . Additionally, this study showed that the rate of movement in the membrane is slower for GluA1 AMPARs. If a similar mechanism occurs in RGCs, receptors inserted at extrasynaptic compartments would only be detected when presynaptic release was high enough to ''spillover'' onto these sites. Thus, synapse-saturating light intensities would show no change in the amplitude, as transmitter would bind to both synaptic CIAMPARs and CP-AMPARs that are inserted at perisynaptic sites. Conversely, at lower light intensities, when release is limited, recently inserted perisynaptic CP-AMPAR receptors would not be activated by glutamate and would not contribute to the light-evoked EPSC, resulting in an overall decrease in response amplitude due to the endocytosis of CI-AMPARs.
Conclusion
Our results suggest that altering the AMPAR subunit composition represents a dynamic mechanism to mediate synaptic changes resulting from previous experience. Based on the expression of AMPAR subunit exchanges after NMDAR activation, we predict that unlike OFF pathway synapses, ON pathway inputs to RGCs will be more strongly and selectively regulated by increasing light exposure, and we suggest that this may represent a system that permits the range of response in the ON pathway to be adjusted during scotopic vision. Experiments using a mouse line without functioning cones (Gnat2 cplf3) ) demonstrates that this plasticity can be activated purely by rod input but does not rule out a role for cone input as well. In this manner, AMPAR plasticity could serve as a platform for adaptation in the inner retina.
EXPERIMENTAL PROCEDURES
Whole-Mount Preparation
We used 4-to 6-week-old C57B/L6 (Charles River) and 8-week-old Gnat2 (cpfl3) (The Jackson Laboratory) mice in this study. All procedures were in accordance with the animal care guidelines for Albert Einstein College of Medicine. Mice were dark adapted for 1 hr prior to anesthetizing with isoflurane (SigmaAldrich) and cervical dislocation. Dissection was performed under dim red light and retinas were bathed in oxygenated (95% O 2 and 5% CO 2 ) Ames' media (Sigma-Aldrich) at room temperature, 25 C. Eyes were enucleated and whole retinas were removed, cut in half, and flat mounted with the ganglion cell layer up onto acetate/nitrate membrane filter (Millipore) with a 1.5 mm hole in the center to allow light to pass through. In the recording chamber, retina pieces were superfused with oxygenated Ames' media at a rate of 4-6 ml/min.
Recording
The retina was viewed on a video monitor using infrared illumination and a charge-coupled device camera (COHU Electronics) mounted to a Zeiss Axioskop microscope (Zeiss) equipped with a water-immersion 403 objective. A patch pipette mounted on a second manipulator was used to expose cells of interest by microdissecting the internal limiting membrane. Cells in the ganglion cell layer with large diameter (>15 mm) somas were targeted for patch-clamp recordings with a glass electrode (tip resistance 3-5 Mohm, World Precision Instruments) and were filled with a cesium gluconate solution containing 123 mM Cs gluconate, 8 mM NaCl, 1 mM CaCl 2 , 10 mM EGTA, 10 mM HEPES, 10 mM glucose, 5 mM ATP, 0.4 mM GTP, and 100 mM spermine (except when philanthotoxin [PhTX] 4 mM was used extracellularly; Figures 1H and 1I) , (pH 7.3; 290 mOsm). Cells were whole cell voltage clamped between À60mV and À70mV. Holding potentials were corrected for a À10mV junction potential, but series resistance, typically measuring 8-20 MU, was not compensated for. Recordings were discarded if series resistance at the start of the experiment was >20 MU, if the leak current changed more than 10% at any holding potential ( Figure S1 ; for the 20 cells plotted in Figure 1 ), or if the input resistance changed suddenly. RGCs were identified as ON, OFF, or ON-OFF based on responses to a 1 s full-field light step.
Solutions
In all experiments, a mixture of synaptic blockers was used to isolate the AMPA-mediated EPSC. The standard blockers mixture contained 1 mM strychnine, 50 mM TPMPA, 50 mM picrotoxin, 0.1 nM TTX, and 50 mM D-AP5. D-AP5 was washed out for 10 min before and added back after all stimulation paradigms, except where noted ( Figures 5D-5F and 6F-6H). In some experiments, NMDA (50 mM), DIP (10 mM), and CPPG (10 mM) were used. All chemicals were purchased from Sigma-Aldrich or Tocris Bioscience.
Light Stimulation
Light stimulation was provided by a 20 W halogen lamp focused through the 403 objective via a camera port equipped with a diaphragm to control the diameter of light spots. An interference filter (peak transmittance at 500 nm) and neutral density filters were inserted in the light path to control the intensity and wavelength of light stimulation, and a shutter (Uniblitz; Vincent Associates) was used to control the duration of the stimulation. The intensity of the unattenuated light stimulus was measured to be (10 9 R*/rod/s) at 500 nm, assuming a collecting area of 0.5 mm 2 /rod (Field and Rieke, 2002) . The intensity of the light stimulus used for the 10 ms light flash was 1-10 R*/rod/flash. For experiments using a light stimulation protocol ( Figure 5 ), we varied the shutter-open times from 100-500 ms of 5-20 trains each at random intervals for 5 min. Shutter-closed time after an opening was always equal to the open time, i.e., if the shutter was open for 100 ms, it would then close for 100 ms before the next opening, which if opened next for 500 ms, would then close for 500 ms. The light stimulus intensity was 1,000-50,000 R*/rod/ stimulus at 500 nm.
For intensity-response relationships (Figure 8 ), three light responses at 30 s intervals for each light intensity were recorded. The light intensities ranged from 0.0001-1,000 R*/rod/flash at 500 nm and were presented in 0.5 and 1 log intervals in random order.
Analysis
Recordings were obtained with an Axopatch 1D using Axograph acquisition software and digitized with a Instrutech ITC-18 interface. Analysis was performed using Axograph X and Kaleidagraph (Synergy Software) software. To measure rectification, we first recorded the IV relationship of the AMPA-mediated light response to a 10 ms light flash at three holding voltages, À60mV, 0mV, and +40mV. Response amplitudes were normalized to responses at À60mV. For quantification, the rectification index (RI) was calculated. The RI was defined as the ratio of the actual EPSC at +40mV, where only GluA2-containing AMPARs contribute to the current and the linear extrapolation of EPSC value of the EPSC at +40mV, which when extrapolated from a linear fit of the EPSCs from À60mV to 0mV represents the predicted value in the absence of rectification. Statistical significance was determined using paired Student's t test. Error bars represent the SEM and all values are expressed as mean ± SEM.
Intensity-response relations ( Figures 8C and 8D) were normalized to the maximum current amplitude of the before NMDA response for both before and after NMDA for each cell, R/Rmax. A Hill equation was fit and defined as R/Rmax = 1 / (1+(I 1/2 /I) n ), where I 1/2 is the light intensity producing a half-maximal response, I is the light intensity, and n is the Hill coefficient. Responses in each cell are an average of three trials for each intensity. An F-test was used to determine statistical significance for each pair of before and after intensity-response curves.
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